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Abstract 



A method for the determination of the real part of the elastic scattering 
amplitude is examined for high energy proton-proton and proton-nuclei elastic 
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■ scattering at small momentum transfer. This method allows us to decrease 

^ : 

the number of model assumptions, to obtain the real parts of the spin- non- flip 

m 

and spin-flip amplitudes in a narrow region of momentum transfer. 

Q_i' A large number of experimental and theoretical studies of the high energy 

' elastic proton-proton and proton-antiproton scattering at small angles gives 



a rich information about this processes and allows to narrow the circle of 



examined models and to solve a number of difficult problems. Especially this 
concerns the energy dependence of some of characteristics of these reactions 
and the contribution of the odderon. 

Some of these questions are connected with the s and t dependence of 
the spin-non-flip phase of hadron-hadron scattering. The most of the models 
define the real part of the scattering amplitude phenomenologically. Some 
models use local dispersion relations and the hypothesis of the geometrical 
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scaling. As it is well known, using some simplifying assumption, the infor- 
mation about the phase of the scattering amplitude can be obtained from 
the experimental data at small momentum transfers where the interference of 
the electromagnetic and hadron amplitudes takes place. On the whole, the 
obtained information confirms the local dispersion relations. The knowledge 
of the structure of the elastic proton-nuclei and nuclear-nuclear scattering is 
needed to distinguish different models describing high energy nuclei interac- 
tions. This is important for the QCD approach of the high energy nuclei 
interaction [1]. 

The standard procedure to extract the magnitude of the real part includes 
the fit of the experimental data taking the magnitude of total cross section, 
of the slope, of p, and, sometimes of the normalization coefficient as free 
parameters. This procedure requires a sufficiently wide interval of t and a 
large number of experimental points. 

The spin-independent amplitude can be written as a sum of nuclear 
& h (s,t) and electromagnetic <3? e (t) amplitudes : 

$(s,t) = & h (s,t) + e iaip ^ e {t) . 

where <3? e (i) are the leading-terms at high energies of the one-photon ampli- 
tudes as defined, for example, in [2] and the common phase if is 

ip = ±[7 + log (B(s,t)\t\/2) + v x + u 2 ] 

where the upper(low) sign related to the pp(pp) scattering, and B(s,t) is the 
slope of the nuclear amplitude, 7 = 0.577, and v\ and v 2 are small correcting 
terms define the behavior of the Coulomb-hadron phase at small momentum 
transfers (see [3]). At very small t and fixed s, these electromagnetic ampli- 
tudes are such that $f (t) = $§(i) ~ a/t , $|(*) = ~^t( t ) ~ a-const. , ~ 
—a/i/\t\ ., where a is the fine-structure constant. We assume, as usual, that 
at high energies and small angles the double-flip amplitudes are small with 



respect to the spin-nonflip one and that spin-nonflip amplitudes are approx- 
imately equal. Consequently, the observables are determined by two ampli- 
tudes: F(s,t) = $i(s,t) + $3(5, i) = Fn + Fcexp( iaip). 
In the standard fitting procedure 

da/dt = TT[(F c (t)) 2 + (p(s,t) 2 + l)(ImF N (s,t)f) 
+ 2(p(s, t) + a^(s, t))F c (t)ImF N (s, t)}. 

Fc(t) = +2aG 2 /\t\ is the Coulomb amplitude; and G 2 (t) is the pro- 
ton electromagnetic form factor squared. Re F/v(s,i) and Im Fjv(s,t) 
are the real and imaginary parts of the nuclear amplitude and p(s, t) = 
Re F^(s,t)/Im Fjv(s,t). The formula (3) is used for the fit of experimental 
data determining the Coulomb and hadron amplitudes and the Coulomb- 
hadron phase in order to obtain the value of p(s,t). 

ReFj^(s,t) is obtained by fitting the differential cross sections either tak- 
ing into account the value of a tot from another experiment, as made by the 
UA4/2 Collaboration, or taking a t ot as a free parameter, as made in [4]. If one 
does not take the normalization coefficient as a free parameter in the fitting 
procedure, its definition requires the knowledge of the behavior of imaginary 
and real parts of the scattering amplitude in the range of small transfer mo- 
menta and the magnitude of atot{s) and p(s,t). 

In this talk, we briefly describe some new procedures of simplifying the 
determination of elastic scattering amplitude parameters. From equation (3) 
one can obtain the equation for i?eF/v(s,t) for every experimental point i 

ReF N (s,U) = -F c (ti) 

±[(1 + S)/nda/dt(t = U) ~ {a<pF c (U) + ImFNiU)) 2 } 1 ' 2 . 

where 5 is the corrections coefficient which reflect the accuracity of the nor- 
malization parameter n = 1+5. As the imaginary part of scattering amplitude 
is defined by 



ImF N {s,t) = <r tot /(0.389 • Air)exp{B /2t), 

it is obvious from (4) that the determination of the real part depends on 
n, a tot-, B. The magnitude of otot determined from experimental data depends 
on the normalization parameter n = 1+5 which reflects the experimental error 
in determining da/dt from dN/dt. The equation (4) shows the possibility to 
calculate the real part in every separate point of tj if the imaginary part of 
scattering amplitude and n are determined and to check up the form of the 
obtained real part of the scattering amplitude or vice versa (see [5]). This 
form shows also a minimum value of n, as the expression situated under the 
square root cannot be less then zero. 

Let us define the sum of the real part hadron and Coulomb amplitudes as 
Ar, so we can write: 

A#(ti) = [ReF N {s,U) +ReF c (t)} 2 , 

Using the experimental data on the differential cross sections we obtain: 

A R (ti) = A e * p (U) = (1 + S)/tt da/dt(t = U) - (acpFciU) + ImF N {ti)) 2 . 

This formula shows a significant property for the proton-proton cross section 
at a very high energy and proton-antiproton scattering at low energy, where 
the real part of the hadronic amplitude is sufficiently large and is opposite in 
sign relative to the Coulombic amplitude. We therefore get 

Afl(ti) = (1 + 5)(ReF N (s, U) + F c (t)) 2 - 5(a<pFc(ti) + ImF N (ti)) 2 . 

Let us examine this expressions for the pp-scattering at energies above yfs = 
540 GeV where the real part of the hadron spin-non-flip amplitude is positive 
and non-negligible. For this aim, let us make a gedanken experiment and 
calculate da/dt with definite parameters (p = 0.15 and otot = 63 mb taking 
them as experimental points. For the pp-scattering at high energies, the 
equation (4) has a remarkable property. 



The real part of the Coulomb scattering amplitude of pp-scattering is 
negative and exceeds the size of Fh(s,t) at t — ► , but has a large slope. As 
the real part of the hadronic amplitude is positive at high energies, it results 
that Ar has a minimum situated in t independent of n and atot as shown in 
Fig. 1. 

The position of the minimum gives us the value tR where ReFjy = —Fq- 
As we know the Coulomb amplitude, we estimate the real part of the pp- 
scattering amplitude at this point. Note that all other methods give us the 
real part only in a sufficiently wide interval of the transfer momenta. If we 
choose the right normalization coefficient and atot our minimum will be equal 
zero. But if the normalization coefficient is not right one the minimum will 
be or above or lower then zero, but practically it is located at the same point 
tR. So, the size of Ar shows us the valid determination of the normalization 
coefficient and a to t- 

This method works only in the case of the positive real part of the nucleon 
amplitude, and it is especially good in the case of large p. So, it is interesting 
for the experiment PP2PP at RHIC and the future TOTEM experiment at 
LHC. 

Though in the range of ISR we have small p(s, t k, 0) and few experimental 
points, let us try to examine one experiment, for example, at \/s = 52.8 GeV. 
This analysis is shown in Fig. 2. One can see that in this case the minimum 
is sufficiently large, and —t m i n = (3.3 ± 0.1) 10~ 2 GeV 2 . Our analysis gives 
p(t = t m in) = 0.054 ± 0.003, while the paper [6] gives p(t = 0) = 0.077 ± 0.09. 

For RHIC energies we can simulate the "experimental" data taking the 
calculated theoretical curve with certain parameters atot,B>, P and the magni- 
tude of errors which are expected in the future experiment. Then we calculate 
the deviation from the theoretical curve in units of errors using a Gaussian 
random procedure in order to calculate the probability of the deviation by 
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a number of errors. As a result, we obtain the differential cross sections 
modeling the future experimental data, for example, with the posible size of 
p = 0.135 and p = 0.175. Then we can determing the value of Ar from 
these "gedanken" experimental data , which are shown in Fig.3 (a,b) corre- 
spondingly. The difference between these two modeling data representations 
is obvious. The pure theoretical representation of A^ with the same values 
of p and with p = are shown also. 

There is another interesting feature: the magnitude and position of second 
maximum. It is easy to connect the size of the maximum with the magnitude 
of the real part of the scattering amplitude. Let us separate the main t- 
dependence in the equation in the representation of Ar and then put the 
differential equal zero: 

| [A*] = j t [hi^e Dt + 2/^-^/^/2 + h 2 e B t] = Qj 

where h\ and h 2 are some electromagnetic and hadronic constants; D is the 
effective slope of the exponential form of the dipole form- factor. 
At the point of maximum —t = t m , we get 

2h\e- Dt ™ + h\Dt m e- Dt ™ - 2h 1 h 2 ^±^t 2 m e' Dt -/ 2 e - bt -/ 2 
-2hih 2 t m e~ Dtm/2 e~ Btm/2 + hlt 3 m B e - Btm = 0. 



Note that we can not neglect any term in this equation, the term with t„ t 
included as in the interesting region of momentum transfer all these terms are 
of the same order. We therefore obtain the equation: 

ReF 2 Bt m ReF h/ D + B . D 

tL ™ + "(1 + 1 ) + _t +1 = 0. 

ReFl 2 ReF c V 2 ' 2 

Equation (10) leads to the simple relation 

B/2 = (l + ^t ^ { ~ Fc) 



2~ mJ t m ReF h 



Remembering the definition of Ar, we obtain 



B/2 = (l + £t m ) 



2 m; Ul-Af/F c) - 
So, we can determine the slope of the real part of the hadron elastic 
scattering amplitude without any fitting procedure on a large interval of mo- 
mentum transfer. 

Note that the point tu is important for the determination of the real part 
of spin-flip amplitude also [7] . At high energies and small angles the analyzing 
power can written in form 

= ImF^(ReF c sf + ReF? f ) + ImF^{ReF c sf + ReF^ f ) 
-ImF c sf (ReF c nf + ReF^) - ImF s h f (ReF^ f + ReF^). 



We obtain for proton-proton scattering at high energies at the point tR 
where ReF™ f = -ReF?*, 

At this point some terms in the definition of analyzing power will be canceled. 
This representation can be used for the determination of the real part of the 
hadron spin-flip amplitude at high energy and small angles. 

It is interesting to apply this new method to the proton-nuclear scattering 
at high energies. The size of the hadron amplitude grows only slightly less 
then proportional to A. If atot(pp) = 38 mb in the region of hundred GeV, the 
&tot{p 12 C) = 335 mb. The most important difference with pp-scattering is that 
the slope is very high, near 70 GeV' 2 . The electromagnetic amplitude grows 
like Z and its slope also grows. It is interesting that the simple calculations 
which take the hadron amplitude at small momentum transfer in the usual 
exponential form with large slope leads the practically the same results as for 
the proton-proton scattering. 

Let us take the Coulombic amplitude of p 12 C scattering in form 



_ 2a em Z i2 C p 

r em — . r em r eml 



where F% ml and F% m2 are the electromagnetic form factors of the proton, and 
fZ C that of 12 C. We use 



_ 4m 2 - t{Kp + 1 

eml 



(4m 2 -t)(l-t/0.71) 2 ' 
4m 2 , kv 



r em2 — 



(4m 2 -i)(l-i/0.71) 2 ' 
where m p is the mass of the proton and k p its anomalous magnetic moment. 
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We obtain F en ^ from the electromagnetic density of the nucleus 

2" 



D(r) = D 



1 + a 



a = 1.07 and a = 1.7 fm give the best description of the data [8] in the small- 
It) region, and produce a zero of F^ at \t\ = 0.130 GeV 2 . We also calculated 
Fem by integration of the nuclear form factor given by a sum of Gaussians 
[9] and obtained practically the same result with the zero now at \t\ = 0.133 
GeV 2 . 

Let us take the hadronic amplitude with standard exponential form with 
a tot = 335 mb. and with the slope B = 62 GeV~ 2 [10]. The calculations are 
shown on Fig.4 for two variants with p = 0.1 and for p = 0.075. We can see 
that the minimum in t is approximately in the same region as the minimum 
in proton-proton scattering. There is also a significant difference of the size 
of the maximum for this two values of rho which is connected with the large 
slope in proton-nuclear scattering. 

All previous results were obtained under the assumption that hadron scat- 
tering amplitude has the same exponential behavior as the pp-scattering am- 
plitude at high energies. However the Glauber model is often used for the 
description of hadron-nuclei reactions. This model gives different behaviors 
of hadron scattering amplitudes at small momentum transfer. The slope of 
the hadronic amplitude increases sufficiently faster when \t\ increases while 



in pp-reaction the slope is constant or slightly decreases when \t\ increases. 
At low energies up to some GeVs a good description is obtained for different 
nuclei reactions in the framework of the Glauber model. Note that the proton- 
proton scattering at low energy also has the same behavior at low transfer 
momentum as the one given by the Glauber model for nuclear reactions. In 
Fig.5 the slopes of the real and imaginary part of the hadronic amplitude of 
p 12 C-elastic scattering are shown. 

The calculations were obtained by using the formulas of [11] and [12]. It is 
clear that the real part has a fast decrease and changes sign at —t = 0.06 GeV 2 . 
The calculation of the value of A# with p = 0.1 shows a wide minimum in 
the region of 0.025 < \t\ < 0.045 GeV (see Fig. 6 ). But if we made such a 
calculation for p = —0.1 the ordinary minimum will be obtained but situated 
sufficiently far in t. All the results arise from the behavior of the slope of the 
hadronic amplitude in the Glauber model. In the conclusion we obtain very 
different behaviors of Ar for the two models. So, research of such values Ar 
can help us to choose between different approaches. 

The precise experimental measurements of dN/dt and An at RHIC, as 
well as, if possible, at the Tevatron, will therefore give us unavailable in- 
formation on the hadron elastic scattering at small t. New phenomena at 
high energies could be therefore detected without going through the usual 
arbitrary assumptions (such as the exponential form) concerning the hadron 
elastic scattering amplitudes. It is interesting to apply this method to the 
proton- nuclei scattering at high energies, especially at RHIC energies. This 
method offers a unique possibility search for the behavior of the real part of 
the hadronic amplitude in nuclear reactions. 



9 



REFERENCES 

[1] N. Armesto, hep-ph/0305057. 

[2] N.H. Buttimore, E. Gotsman and E. Leader, Phys. Rev. D 18, 694 (1978). 

[3] O.V.Selyugin, Mod. Phys.Lett. A 14, 223 (1999); Phys.Rev. D 61 , 074028 1-9 (1999) . 

[4] O.V.Selyugin, Phys.Lett. B 333 245 (1994). 

[5] O.V.Selyugin, Yad.Fiz. 55, 841 (1992). 

[6] N. Amos et al. Nucl. Phys. B 262 689 (1985). 

[7] E. Predazzi and O.V. Selyugin, EPJ A 13, 471 (2002). 

[8] L. A. Jansen et al., Nucl. Phys. A 188, 342 (1972). 

[9] Atomic Data and Nuclei Data Tables 36, (1987) 495. 

[10] U. Dersch et al., [SELEX Collaboration], Nucl. Phys. B 579, 277 (2000), 

[11] R.H. Bassel and C. Wilkin, Phys. Rev. 174, 1179 (1968). 

[12] B. Z. Kopeliovich and T. L. Trueman, Phys. Rev. D 64, 034004 (2001), 

[13] G. Bellettini et al., Nucl. Phys. B 79, 609 (1966). 

[14] R.J. Glauber and G. Matthiae, Nucl. Phys. B 21, 135 (1970). 

[15] A. Schiz et al., Phys. Rev. D 21, 3010 (1980). 

[16] C. Bourrely, J. Soffer, and T. T. Wu, Phys. Rev. D 19, 3249 (1979); S. V. Goloskokov, S. P. 
Kuleshov, and O. V. Selyugin, Zeitschr. fur Phys. C 50, 455 (1991). 

[17] M. Anselmino and S. Forte, Phys. Rev. Lett. 71, 223 (1993); A. E. Dorokhov, N. I. Kochelev, 
and Yu. A. Zubov, Int. Jour. Mod. Phys. A 8, 603 (1993). 

[18] P. Gauron, B. Nicolescu, and O.V. Selyugin, Phys. Lett. B 397 305 (1997). 



10 



Figure captions 

FIG.l. The model calculations of Ar for the pp-scattering at RHIC energy 
y/s = 540 GeV and with atot = 63 mb and different n. 

FIG. 2. The calculation of Ar for the pp-scattering using the experimental 
data of da/dt at yfs = 52.8 GeV [6]. The lines are the polynomial fit of the 
points calculated with experimental data and with different n. 

FIG. 3. The calculation of Ar for the pp-scattering at RHIC with a) 
pi = 0.135 and b) p2 = 0.175 The solid, short-dashed, and dotted lines are 
the theoretical curves for p2 = 0.175, p\ = 0.135, and po = respectively. 

FIG. 4. The calculation of Ar for the p 12 C -scattering with p = 0.1 
and p = 0.075 (the solid and dashed lines, correspondingly) using of the 
exponential behavior of the hadronic amplitude. 

FIG. 5. The slopes B of the real (hard line) and imaginary (dashed line) 
parts of the hadronic amplitude calculated in the Glauber model for p 12 C 
scattering. 

FIG. 6 The calculation of Ar for p 12 C -scattering with p = 0.1 and p = 
—0.1 (the solid and dashed lines, correspondingly) in the Glauber model. 
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